1 This article will form part of a virtual special issue on advanced neutron scattering instrumentation, marking the 50th anniversary of the journal.
Introduction
Oak Ridge National Laboratory (ORNL) has a long history of small-angle scattering. The National Center for Small-Angle Scattering Research (NCSASR), a national user facility sponsored by the National Science Foundation and the US Department of Energy, developed and operated a 10 m pinhole small-angle X-ray scattering (SAXS) instrument and two small-angle neutron scattering (SANS) instruments (Koehler, 1986) . A 10 m pinhole SANS instrument was located at the Oak Ridge Research Reactor and a 30 m SANS instrument, which used single-crystal silicon to provide a relatively high wavelength resolution, was located at the High Flux Isotope Reactor (HFIR). The NCSASR operated the instrument suite as an open-access user facility. HFIR was also home to a Bonse-Hart USANS instrument (Christen et al., 1977) , although this was not part of the NCSASR. This instrument was later upgraded to greatly improve its performance (Agamalian et al., 1997) . This suite of instruments afforded researchers a range of experimental capabilities until the 1990s.
In the late 1990s, ORNL began planning a massive expansion of its neutron scattering program. The Spallation Neutron Source (SNS) project began developing and constructing a high-flux pulsed neutron source. This new facility would become home to instrumentation for the neutron scattering community centered around time-of-flight (TOF) neutron scattering techniques that address diverse scientific topics (Mason et al., 2006) . The extended Q range SANS (EQ-SANS) was the first SANS instrument developed at the SNS (Zhao et al., 2010) , and it was followed by a TOF ultra-smallangle neutron scattering (TOF-USANS) instrument, the most recent instrument to be commissioned there. The SNS accel-erator has the capacity to serve the Second Target Station, which will open new opportunities for additional complementary TOF-SANS instrumentation.
Shortly after the SNS project began, in 2000, the HFIR Upgrade Project was initiated during the replacement of the beryllium reflector of the reactor. A wide range of improvements were undertaken, including many that directly impacted the neutron scattering programs. While the 30 m SANS instrument at HFIR was removed from service during the upgrade, the HFIR Upgrade Project included the installation of a high-brightness supercritical hydrogen moderator operating at 20 K, which is referred to as the cold source. From the cold source, four neutron guides delivered neutron beams to a newly constructed guide hall. Two guides, specifically CG-2 and CG-3, were dedicated to new SANS instruments, with the general-purpose 40 m GP-SANS on CG-2 (Wignall et al., 2012) and the 35 m Bio-SANS on CG-3 (Heller et al., 2014) .
Much as existed in the NCSASR, the present suite of SANS instruments at the neutron scattering facilities at ORNL, whose operational parameters are summarized in Table 1 , afford researchers a range of capabilities for characterizing materials over length scales spanning from 0.5 nm to well over 50 mm. However, the present suite affords access both to TOF instrumentation and to instruments using the bright continuous beams of a reactor. In the following sections, we present an overview of the SANS instrument suite, the special capabilities of each instrument and how the suite integrates together. We conclude with a short description of planned developments within the suite that will improve their integration for the benefit of the user community, as well as a discussion of the future outlook, particularly as plans for the Second Target Station at SNS begin to develop.
GP-SANS
The CG-2 general-purpose small-angle neutron scattering instrument (Wignall et al., 2012) is, as the name suggests, designed for studying any and all materials of interest to the user community. The instrument, which is shown in Fig. 1(a) , is a classical pinhole SANS instrument that provides the highest neutron flux of any of the SANS instruments at ORNL. Eight removable guide sections enable adjustment of the source-tosample distance of up to 17.4 m for collimation, and the postsample flight path allows for sample-to-detector distances of up to 20 m. As a result, the GP-SANS is able to probe the lowest minimum Q of any of the pinhole SANS instruments at ORNL (Table 1) . Usable neutron fluxes are available for wavelengths from 4 to 25 Å , which are defined using a velocity selector (Mirrotron, Budapest, Hungary) that provides a wavelength resolution, Á/, from 0.09 to 0. linear position-sensitive detectors (LPSDs) that provides 192 Â 256 pixels. The detector can translate along the neutron beam to change the sample-to-detector distance via a rail system that is inside the post-sample flight path. The center of the detector can be offset from the direct beam by up to 45 cm, which improves the Q range accessible to the instrument for a single collimation setting and detector distance. The dynamic Q range that is available maximizes both sample throughput and utility for time-resolved studies.
The sample environment mounting capability of the GP-SANS is the most versatile of the SANS instruments at ORNL. The open design makes it possible to mount anything in the sample position. The centerpiece is the large goniometer stack, shown in Fig. 1(b) , which is mounted on rails that run parallel to the beam. It is capable of handling large loads, such as vacuum furnaces, cryostats and high field magnets, as well as facilitating their alignment with respect to the incident beam. The recent addition of neutron beam polarization and analysis for studies of magnetism is unique among SANS instruments at ORNL. The incident neutron beam can be polarized using one of two polarization devices that can be inserted into the beam. A Z-cavity transmission polarizer and a V-cavity polarizing mirror (Krist et al., 1992) are available for use. Building on other developments for neutron polarization at ORNL using 3 He (Jiang et al., 2013 (Jiang et al., , 2014 (Jiang et al., , 2017 , polarization analysis was recently enabled with a 3 He spin filter that can be inserted between the sample and the detector.
Bio-SANS
The Bio-SANS at HFIR, also shown in Fig. 1(a) , is the cornerstone of the Center for Structural Molecular Biology at ORNL (Heller et al., 2014) . It is located at the end of the CG-3 guide adjacent to GP-SANS. Uniquely among the suite, its construction was sponsored by the DOE Office of Biological and Environmental Research, as are its continuing operations. The Bio-SANS was designed and optimized for analysis of the structure, function and kinetics of complex biological systems, such as proteins and their complexes in solution, but the scope of topics studied has expanded. It shares many design elements with the GP-SANS and was constructed at the same time. The Bio-SANS has a pair of supermirrors to remove the instrument from the direct line of sight of the cold source, which results in a lower background that helps in studies of weakly scattering samples. The remainder of the pre-sample components, such as the velocity selector and collimation, are essentially the same as those of the GP-SANS, although the post-sample flight path is shorter, affording a maximum sample-to-detector distance of 15.5 m. The instrument has an excellent neutron flux over wavelengths ranging from 6 to 25 Å , and has a Q range very similar to that of the GP-SANS (Table 1) .
While the science generally served by the Bio-SANS does not require a sample area with the versatility of the GP-SANS, which is shown in Fig. 1(c) , the instrument is not without unique capabilities. Specifically, it is the only one of the pinhole SANS instruments at ORNL with a second detector, referred to as the wing detector, which expands the Q range that can be measured at a single instrument setting without repositioning the main detector. The main detector is the same as the GP-SANS detector, being a 1 Â 1 m LPSD array (192 Â 256 pixels), while the wing detector is a 1 Â 0.8 m LPSD array (160 Â 256 pixels). The wing detector is curved, providing the same flight path from the sample position to the detector pixels at the same height from the beam. The sample-todetector distance of the wing detector is fixed at 1.13 m, but the wing detector can rotate around the sample position on a curved rail. This matches the minimum angle covered by it with the maximum angle covered by the main detector to yield a continuous Q space coverage. Typical biological samples are measured in the 'intermediate' Q range, e.g. 0.003-0.8 Å
À1
, so a complete measurement is now achievable with a single instrument configuration, almost doubling the throughput of the beamline.
EQ-SANS
The EQ-SANS is a TOF SANS instrument located at the SNS (Zhao et al., 2010) . It is shown in Fig. 2 . On the surface, the instrument shares many physical similarities with the two SANS instruments at HFIR. It is a pinhole SANS instrument with an evacuated post-sample flight path within which the detector can translate along the beam. The upstream collimation is less versatile and considerably shorter than that of the HFIR SANS instrument, the maximum source-to-sample distance being 4 m. The detector tank, which houses a 1 Â 1 m LPSD array area detector (192 Â 256 pixels) of a similar design as the GP-SANS and Bio-SANS, is shorter. The maximum sample-to-detector distance used is 9 m. The instrument has good neutron flux for wavelengths from 0.5 to 20 Å , although a minimum wavelength of 2 Å is more typically used, which benefits from the high flux provided by the SNS. As a result of its shorter length and different wavelength range, the instrument spans a Q range that does not extend to as low a minimum Q as the SANS instrument at HFIR, but its maximum Q is higher (Table 1) .
The combination of high flux and TOF makes the EQ-SANS unique among SANS instruments in the USA and ideally suited to time-dependent in situ studies of materials. In the most common mode of use, TOF provides a broad Q range from a single instrument configuration by using its 30 Hz 'frame-skipping' mode (Zhao et al., 2010) , in which the bandwidth choppers rotate at half the frequency of the 60 Hz SNS repetition rate to allow two different wavelength bands to be acquired simultaneously. By combining the broad Q range achieved in one configuration with the time-stamped neutron data stream, kinetic processes can be followed more readily than with a reactor SANS instrument. Data from EQ-SANS can be time-sliced during data reduction in a manner that is best matched to the rate of change in the samples, as opposed to requiring measurement timing to be selected at the time of data acquisition. For strongly scattering samples that change continuously with time, high statistical quality SANS data can be collected in minutes. In principle, the repetition rate of the research papers SNS means that times down to 16.67 ms are accessible. Furthermore, the ability to apply stroboscopic stimuli to samples asynchronously opens the possibility of probing even shorter times. In such cases, time-slicing of the data could conceivably achieve a time resolution of $300 ms, which is the width of the emission time of neutrons from the moderator. The versatility of the EQ-SANS bandwidth choppers has also enabled monitoring of inelastic scattering processes. While understanding how inelastic scattering contributes to a SANS data set is important, the potential exists for novel experiments that purposely utilize the ability of the EQ-SANS for studying inelastic scattering.
TOF-USANS
The TOF-USANS at SNS is a double-crystal Bonse-Hart diffractometer, rather than a pinhole SANS instrument like the others in the suite, that formally entered the user program in 2016. The instrument is shown in Fig. 3 . It is unique among Bonse-Hart USANS instruments in that it is located at a spallation source. The monochromator and analyzer crystals select a well defined wavelength, rather than a continuous spectrum like the EQ-SANS, as well as providing higher harmonics that can be differentiated by TOF. As a result, the instrument possesses a very low background. The information close to the tightly collimated direct beam, because of the higher wavelength harmonics, allows the data to extend to even lower Q than is possible on a conventional reactor-based steady-state Bonse-Hart USANS instrument. The fully accessible Q range on the instrument, presented in Table 1 , makes it possible to probe length scales far larger than those accessible on any of the SANS instruments at ORNL. Additionally, it extends to sufficiently high Q to allow data collected from it to overlap with the other instruments of the suite.
Sample environments across the suite
The workhorse sample environments for the SANS instruments at ORNL are multi-position sample changers with temperature control via a water bath. Each instrument has its own, and all can be controlled through the data acquisition software to ensure that studies of temperature-dependent sample behavior can be automated. Generally, those available at ORNL are best suited for temperatures ranging from $278 K to upwards of 353 K with stability of the order of 1 K, with some degree of variability between beamlines on the range of temperatures served. In addition to the commonly used 'banjo cell' quartz cuvettes, titanium-bodied bolt-together cells designed at ORNL are available on some instruments, such as EQ-SANS and Bio-SANS, which can be readily adapted to other beamlines. These cells are well suited to gels and powders that are difficult to load into banjo cells.
If a broader temperature range or more accurate and stable temperature control is required, Peltier-controlled sample changers are available at both HFIR and SNS. These sample changers can provide temperatures from 268 K to over 403 K, which makes them well suited to some polymer studies. Furthermore, the temperature is stable to 0.01 K, which makes them useful for studies of phase behavior in soft materials and biology. It is possible to use either banjo cells or bolt-together cells made of copper that are compatible with the bolt-together cell design developed at the NIST Center for Neutron Research. These sample changers are particularly useful for phase behavior studies in materials because they are available with independent blocks of temperature control that allow one block to be changing temperature and equilibrating while measurements are being made on the samples in the other block.
Other temperature-controlled sample environments have been used on individual instruments in the suite, but they have not been broadly adopted across the suite. At the high end of the temperature range, for example, the GP-SANS has utilized an ILL vacuum furnace that can reach temperatures of 1600 K, as well as an in-atmosphere furnace that can reach 800 K. Several less used temperature control options, covering the thermal range 4 < T < 873 K, are also available.
Another type of sample environment used broadly across the suite of SANS is the sample tumbler, which is useful for samples that settle out of solution over times comparable to the measurement time. Both the Bio-SANS and EQ-SANS share a common design for a tumbler that utilizes the titanium bolt-together cells, and the EQ-SANS has adapters for mounting banjo cells into the tumblers. The Bio-SANS tumbler has four sample positions and the temperature is controlled via a water bath, while the six-position EQ-SANS tumbler is capable of temperatures up to 403 K by means of cartridge heaters. The TOF-USANS has in addition a sample tumbler of its own design.
Sample cells have also been developed for working at elevated pressures on the GP-SANS and Bio-SANS. The research program on the GP-SANS has led to three sets of pressure cells that are suited to studies of gas adsorption and soft matter samples, which have different requirements for high pressure and temperature. The ability to deliver and mix gases in the sample is useful for studying the interaction of gases with solid matrices. Research on the Bio-SANS led to the development of an enhanced scattering-angle reaction cell to enable real-time analysis of thermochemical reactions in the neutron beam. To enable acidic pre-treatment of biomass, the Tantaline process was employed to alloy acid corrosionresistant tantalum metal onto a stainless steel or titanium cell body. After additional modifications, this cell can access scattering angles of up to 56 (or Q ' 1 Å
À1
) with a 6 mm sample aperture and up to 45 (or Q ' 0.8 Å
) with a 10 mm sample aperture. The maximum pressure rating is 5 Â 10 7 Pa for a Tantaline stainless steel cell and 1 Â 10 8 Pa for a Tantaline titanium cell as well as an unaltered, stainless steel cell.
Other more specialized sample environments are available within the suite, which are often best utilized on specific instruments. For example, SANS studies that need low temperature and high magnetic fields utilize the GP-SANS, which has the most versatile sample area within the suite. An 11 T horizontal field cryomagnet was commissioned in 2016, which can reach temperatures of 1.5 K in its standard configuration or with a 3 He insert and as low as 0.06 K with a dilution refrigerator. A 5 T horizontal-field dry superconducting magnet having an open room-temperature bore is also available, which has a dry cryostat that can reach a base temperature of 4 K. There are plans to build a sample changer to fit in the bore of the magnet to enable studies near room temperature. This magnet was recently used to develop full polarization techniques on GP-SANS, as described above.
Sample environments and capabilities also exist within the suite that are less commonly used or are presently being developed. For example, relative humidity control is available using relative humidity generators (L&C Science and Technology, Hialeah, FL, USA) that can be adapted to userdeveloped sample environments, such as chambers designed for EQ-SANS and Bio-SANS for mounting thin films and orienting them relative to the beam. Similarly, an Anton Paar MCR-501 rheometer (Ostfildern, Germany) is available that can be used for SANS and reflectometry. Its capabilities will be expanded in the future to enable studies in geometries other than the Couette cell geometry, and Rheo-SANS will be actively developed at ORNL in the immediate future.
This list of sample environments that have been used across the suite is hardly exhaustive. One of the strengths of SANS is that sample environments are only limited by imagination and ingenuity. Important areas into which the instruments at ORNL are excellently positioned to expand are studies of material evolution in situ and multi-probe studies, such as optical spectroscopies, that provide a more complete understanding of changes in the samples while they are being probed. For example, a first step in this direction will be the implementation of an in-beam Raman spectroscopy system that will provide valuable additional information on the chemical state of samples in time-resolved experiments. Further developments will be driven both by the needs of the user community and by the needs of the in-house research program. The important fact to remember is that the sample areas of the SANS instruments are designed to be versatile to maximize possibilities for performing novel studies.
Software
Development of software on the instruments took different paths as a result of the different construction projects and the inherent technical differences that exist between the HFIR SANS instruments and those at the SNS. However, the plan for the future of the software for the SANS instrument suite is research papers to unify the look and feel of the interfaces. The goal is to simplify the process of working across the entire suite of instruments by minimizing the amount of effort required for learning how to interact with the suite. Visiting scientists will be able to focus on their research rather than the technical details of performing the experiment. The facility is also working to simplify other aspects of the experimental workflow, such as by implementing automatic data reduction and analysis at the completion of a measurement, as has been done at synchrotrons (Parkinson et al., 2016; Ren et al., 2017) . These tools will be implemented across the SANS suite via pipelines from the Mantid software package (Arnold et al., 2014) , the standard data reduction package for the facility. For data analysis, software packages including IRENA (Ilavsky & Jemian, 2009) and SASView (http://www.sasview.org/) are currently recommended to users. In the future, data analysis software will also become part of the integrated automated workflow to facilitate the process of turning data into results. Advanced modeling and simulation, such as with the highperformance computing resources operated by ORNL (https://www.olcf.ornl.gov/), are also active areas of development that will be leveraged by the SANS suite in the future.
Example data
To provide a comparison of the performance of the instruments in the suite, a 1 mm-thick porous silica standard that is used for absolute intensity calibration (Wignall & Bates, 1987) was measured. Measurements of 10, 60 and 600 s using a 10 mm sample aperture were performed for all instruments, except for the TOF-USANS, to highlight the flux of the GP-SANS, Bio-SANS and EQ-SANS. A set of configurations were employed for each to cover the entire Q range, except for the TOF-USANS where the demands of the user program limited the time available and therefore restricted the maximum Q of the measurement. only the sample position has moved. For these three instruments, but particularly for the Bio-SANS and EQ-SANS, the Q ranges covered by the configurations which are routinely used for experiments have a great deal of overlap. The TOF-USANS was scanned to a maximum Q of $0.002 Å À1 . All measured data were reduced according to standard procedures. The reduced merged data for GP-SANS, Bio-SANS and EQ-SANS are shown in Fig. 4 , as are the reduced data from the TOF-USANS, which have been desmeared using the IRENA software package (Ilavsky & Jemian, 2009 ). It should be noted that the application of the material as a standard involves fitting the data over 0.01-0.03 Å
À1
, which is well outside the range accessible to the TOF-USANS. However, the measurement demonstrates that the Q range accessible to the TOF-USANS overlaps quite well with that of the GP-SANS and Bio-SANS. While it is true that the material employed scatters strongly, the ability to take data of such statistical quality in seconds on the GP-SANS, Bio-SANS and EQ-SANS demonstrates the utility of the instruments in the suite for studying kinetic processes in strongly scattering materials as well as for weakly scattering systems. A direct comparison of the 600 s data from the three pinhole SANS instruments and the TOF-USANS data is presented in Fig. 5 , showing excellent agreement for the pinhole SANS data. The differences observed for the TOF-USANS data probably arise from the strong multiple scattering exhibited by the sample, which makes background subtraction challenging.
Conclusions and future outlook
The suite of SANS at ORNL is a powerful tool for studying the structure of materials over more than five decades of length scales. To maintain the relevance of the suite, it must continue to improve. Presently, the focus is on the development of new sample environments, with particular emphasis on leveraging the high fluxes available to enable studies of in situ processing of materials. Furthermore, there is a strong impetus toward implementing other experimental techniques in situ with SANS measurements, such as optical spectroscopies, scattering with other probes like light and X-rays, and thermal methods like differential scanning calorimetry. Much of this must be driven by the scientific needs of the user community, so development of simplified ways to interface user-supplied sample environments with the data acquisition system to enable complete synchronization with the SANS measurements will be key in faciliating this goal.
Technique development must also take place. Grazingincidence small-angle scattering (GI-SAS) is becoming an increasingly prominent experimental technique. There are opportunities at the SNS to develop an instrument optimized for GI-SAS, and more opportunities will exist at the proposed Second Target Station at SNS. Data analysis methods are needed for science performed by the instrumentation and will be pursued, such as through collaboration with the SASView project and through development of advanced computational methods to better link simulations to experiments. SANS at ORNL has a bright future.
